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INTRODUCTION 
The purpose of this paper is to report on the development of an eddy 
current (EC) measurement model applicable to corner crack inspections. 
Naturally, corner cracks are more difficult to detect than those on flat 
surfaces, because the specimen edge itself gives a large response to the 
EC probe. The flaw signal, if any, tends to be obscured by the large 
edge signal. Thus, probe impedance should be determined more accurately 
than usual in order to extract flaw signals out of the background. 
Experimentally, this requires high-accuracy impedance measurements with 
rigid control over probe motion. In modeling point of view, this means 
that predictions should be made from an exact model, or at least from a 
model which can achieve the required level of accuracy [1-3]. 
Last year, a theoretical formulation of the corner crack inspection 
model was reported [3]. This year, the formulas presented there have 
been implemented into a numerical code, which now enables us to predict 
EC probe responses of corner cracks on a straight corner. We also wish 
to report on measurements taken with the automated EC measurement station 
[4]. Data were collected using both Al block and bolt hole specimens. 
The bolt hole specimens have a fatigue crack at the edge of the hole. A 
comparison between experiment and theory are presented below to 
demonstrate the level of accuracy of the present approach. 
MODEL 
What follows is abrief recapitulation of the previous report [3]: 
the model inspection system is illustrated in Fig. 1. Namely, a metal 
block specimen with a straight edge is considered. It is supposed that 
an ideal tight crack exists at the corner of the specimen. A coil is 
placed over the corner crack to represent an EC probe. As described in 
Introduction, the model is required to predict both the edge signals and 
the crack signals. 
As the technical approach, a boundary integral equation (BIE) method 
adapted to electromagnetism is chosen. Among various different 
approaches, we chose a particular BIE formulation in which only the 
tangential components of the electromagnetic fields on the boundary 
surfaces (denoted by E, and H,) form the set of independent unknown 
variables. In this approach, the set of the BI Es need to be solved 
numerically only for those tangential fields. All the other fields 
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Fig . 1 . The model inspection geometry of a corner crack. An EC coil 
scans over the edge of a metal specimen. A tight crack may exist 
on the edge. 
anywhere else can be evaluated explicitly by Green's formulas . This 
approach is superior to those using the vector potential because the 
interface condition can be treated straightforwardly with no ambiguity 
concerning the gauge condition. 
We will first consider the case where the block specimen has no 
cracks: Let the probe current density be]. The current ] produces 
electromagnetic fields in the surrounding media. Let E 0 and Hodenote 
those in the vacuum, and EI and H, those when the block specimen is 
present. Evidently, E 0 and Ho can be wri tten down analytically using 
vacuum Green's functions . The EI and HI fields can be obtained by a 
straightforward application of the above BIE method using E 0 and Ho as 
incident fields . Once done, the edge signal ZI can be evaluated by the 
reciprocity formula 
where the integral is performed over the entire specimen surface. 
Second, to evaluate the crack signal, the fields E and H in the 
presence of a tight crack should be obtained. Actually, it is more 
appropriate to use the difference fields ~ and h, where ~ = E - EI and 
( 1 ) 
h = H - H I' This time, EI and H I are regarded as incident. The BIE can be 
written down as usual on almost all the boundary surfaces, except on the 
tight crack faces that require special considerations. A tight crack is 
special in that its width w is infinitesimally small, while the 
perpendicular component E. of E inside the crack volume diverges such 
that w'E n remains finite. One remedy for this problem is Bowler's 
potential method [5], which was described in some detail in Ref. [3] . 
Following the prescription, we consider a "crack face" Sc which is the 
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two crack sides identified as a single surface. We then introduce two 
quantities, i.e., a potential ~ and its source term J., both defined on 
Sc. They are introduced in such a way that the physical meaning of ~ is 
the voltage drop across the crack faces, while J. being the dipole charge 
distribution over the crack region. The two are re la ted by a 
two-dimensional Poisson equation. In summary, the BIE can be written in 
terms of these basic unknown variables, i.e., ~ and J. on the crack face, 
and ~, and h, on the other boundary surfaces. Once these BI Es are solved, 
then the crack impedance ~z can be evaluated finally by the modified 
reciprocity formula 
-01. ~z = 2" dSIjJE ln I s, 
where the integration is carried out over S" and where Ein is the 
component of the incident field EI perpendicular to Sc. 
(2) 
It may be worth while to mention the numerical tasks involved. The 
above discussion shows that one needs to solve the integral equations in 
at least three stages, each stage using the output of the previous ones 
as input. This repetitious nature of the algorithm, together with the 
proliferation of the unknown variables, makes the coding task somewhat 
cumbersome. Fortunately, our coding effort was alleviated substantially 
by the use of the object-oriented programming language C++. The language 
is particularly beneficial in our problem because each stage of BI Es can 
be solved as almost a complete repetition of each other, yet they are 
isolated from each other totally without mutual interferences. Explicit 
numerical results are presented in the later section. 
EXPERIMENT 
The impedance measurements were carried out by using the automated 
EC measurement station reported earlier [4]. In the apparatus, a 
specimen is placed on a table which can be moved in two horizontal 
directions by stepper motors. An EC probe can be attached to a probe 
fixture and placed just above the specimen surface with a constant lift 
off. The probe is connected to a commercially available impedance 
analyzer for impedance readout. Finally, the entire operation, including 
the motion of the specimen table, the operation of the impedance 
analyzer, and the data acquisition, is controlled automatically by a 
personal computer. The station allows us to make lD and 2D scans over 
the specimen surface with high-accuracy impedance measurements. In this 
work, for instance, the relative accuracy of 3 digits or higher was 
required. This requirement can be met easily by the apparatus. As a 
probe, one of the two coil probes of known dimensions were used. They 
were specially made for the earlier projects, and their parameters were 
given in the literature [6]. 
Two kinds of specimens were used in the experiment. One is a simple 
aluminum block with a straight corner (Al 7075, 0= 2.26X l07[S/m)). The 
specimen does not have cracks on the edge, and thus was used to acquire 
edge signal data. Both lD and 2D scans were made, covering the specimen 
edge, for frequencies ranging between 100 kHz and 1 MHz. One of the 
resulting impedance maps is shown in Fig. 2. As shown, the real 
[imaginary] part of the probe impedance decreases [increases] as the 
probe travels off the specimen edge. Observe the homogeneity of the data 
along the edge, which indicates that the probe lift off was held constant 
over the entire scan. 
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Fig. 2 . Straight edge signal data: taken with the coil probe "L" at 200 
kHz over the Al block specimen. (See the text for detail.) (A) 
the real part of the impedance decreases when the probe goes off 
the edge, while (B) the imaginary part increases. 
Specimens of the other class are bolt hole specimens. They are made 
out of an Al plate (Al 2024, (1= 1.86x l07[S/m]), and their dimensions are 
typically 12" long, 2" wide and 0.156" thick. All of them have a 3/4" 
diameter hole drilled, and were exposed to fatigue cycles until 
developing fatigue cracks at the hole edge. The size of the cracks 
varies, but is of the order of 0.05". For example, one of the specimens 
(marked "7") has a crack of 1.48mm long and 1.96mm deep. The exact 
shapes of the cracks are unknown, but they are believed to be triangular. 
A number of 2D scans were made with the same apparatus. The scan area 
has a rectangular shape, and covers the half of the hole opening which 
contains the crack. 
An example of the impedance maps, taken over the aforementioned 
specimen "7", is given in Fig. 3. Notice that the fatigue crack on the 
A 
Fig . 3. Impedance map from the 2D scan over the bolt hole specimen: both 
the hole edges and the edge crack appears clearly in the data. 
The crack indication is particularly clear in the real part 
[(A»), while almost hidden in the large imaginary part [(B»). 
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hole edge manifests itself in the signal, particularly in the real part 
of the impedance. The flaw indication is somewhat obscured in the 
imaginary part because of the large edge effect, although it is clearly 
present. 
RESULTS 
Straj gbt corner 
The Figure 4 shows the same impedance data as in Fig. 2, except that 
here the slice of the probe impedance map was taken across a plane 
perpendicular to the edge . The resulting impedance profile is plotted 
against the probe position in Fig. 4. As indicated there, the plot also 
contains the prediction curve for the purpose of comparison. It should 
be noted that, because no calibration was attempted to determine the 
exact edge position, the data curve was shifted along the horizontal axis 
until the two curves overlap at one point . 
The slopes of the two curves are in excellent agreement, as one can 
see that the two curves can be overlaid almost completely against each 
other. The overall changes of the impedance, on the other hand, appear 
to be off by approximately 10%. This, we contend, is caused by the probe 
fluctuation, a phenomenon of which has been demonstrated strikingly by 
the new probe calibration apparatus developed by one of the authors [7]: 
a given probe does not necessarily show the strength that is expected 
from its physical dimensions. To test this contention, the overall 
impedance change between the on-metal and off-metal locations was 
compared with the analytic solution of Dodd and Deeds [8]. As indicated 
in Fig. 4, there is a complete agreement between the analytic solution 
and the nurnerical result where both results are available. 
Bolt bole 
In order to separate the flaw signal from the da ta shown in Fig. 3, 
we sliced the impedance map along a nurnber of radial directions as 
illustrated in Fig. 5. Averaging over the profiles obtained from the 
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Fig. 4. Edge signals (real and imaginary parts of probe impedance) vs 
probe position: the positive [negative] probe coordinate means 
that the probe is off [on] the specimen. The model predictions 
are compared with the measurernent data taken with the 
straight-edge specirnen. The predicted overall changes coincide 
with the Dodd-Deeds solution, as indicated by the dashed lines . 
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Fig. 5. 
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Contour plot of the impedance map and its cross sections: the 
edge signal is defined by the average over the slices off the 
crack region . After that, the flaw signal can be obtained by 
subtraction. 
slices excluding the crack region, we found the edge signal as plotted in 
Fig. 6. 
Having thus determined the edge signal, it is possible to extract 
the flaw signal by subtracting the former from the impedance slice taken 
along the crack direction. The resulting flaw signal as a function of 
the probe location is plotted in Fig. 7. Notice that the flaw signals 
are smaller than the overall impedance by 3 orders of magnitude . It 
should be emphasized that this crack signal extraction was at all 
possible thanks to the sufficiently accurate impedance measurement. 
Strictly speaking, the numerical predictions for the bolt hole 
specimens are not yet available. We have nevertheless made a comparison 
of the bolt hole data with straight corner theory, expecting that the 
deviations are minimal because the hole diameter is comparatively larger 
than the probe and crack sizes. The predictions are overlaid in Figs . 6 
and 7. The theory and experiment agree reasonably weIl as anticipated, 
at the level of 10 - 20% . The extended model for the specific geometry 
will improve the agreement in the near future. 
6 .0 , Thcor y 0.0 1·-···· Dolo ~~. E ~ -- - Flot plotc .c 
(111) / 0 
~ imog nary N ~.O I -/.0 r ; 
i N 
<Il , / 
~ ...... _ .... - ._ .... / tu) 
0:: /.0 - ~ 0 <Il ---------------- E 
real 
------...,._-
00 ==:"·-.-:-Ä . .,.......,.~-.. _.... 60 
'-8.0 -40 00 40 80 
Pr a be pos i l ion (mm) 
Fig. 6. Edge signals vs prohe position: The predictions of the 
straight - edge model are compared with the data taken with the 
holt-hole specimen . The dashed lines correspond to the 
Dodd-Deeds solution. 
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Fig. 7. Crack signals vs probe position: solid curves represent the 
predictions of the straight corner model, and the dashed lines 
are for the measurements over the bolt hole specimen. 
SUMMARY 
A measurement model for EC corner-crack inspections is formulated 
using a BlE approach. A computer program has been developed to solve the 
resulting integral equations numerically. The current version of the 
code applies to straight corner problems. High-precision impedance 
measurement were made over Al block and bolt hole specimens, the latter 
of which contain fatigue cracks. The comparison between theory and 
experiment are given in Figs. 4, 6, and 7 . As shown there, the 
predictions agree weIl with the edge signal measurements, validating the 
adequacy of theory and experiment simultaneously. The qualitative 
agreement is also observed among flaw signals, despite that the 
comparison is made between straight corner theory and bolt hole 
measurement. The work to extend the code to curved corners will follow. 
Nevertheless, even within the current level of accuracy, it is safe to 
conclude that the combination of the model and the measurement station 
forms a useful test bed for understanding EC corner crack detections . 
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